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This chapter describes the sequence of steps that lead to the design of a magnet system for modern HEP

detectors. We start looking to the main types of magnets used in HEP experiments, along with some

basic formulae to set the main parameters, such as ampere-turns, impedance and stored energy.

A section is dedicated to the description of the iron yoke, with emphasis on magnet-detector

integration and assembly, steel characteristics, stray field issues and alternative design. In the second

part of the chapter we start looking at a brief history of superconducting magnets and a comparison

between warm and superconducting ones. Following that, we describe the commonly used super-

conducting cables, the conductor design and technology and the winding techniques. A section of the

chapter is dedicated to the cryogenic design, vacuum insulation and other ancillary systems. We also

describe the power circuit, with the power supply unit, the current leads, the current measurement

devices and other instruments and safety systems. A section is dedicated to the measurement of the B

field in HEP experiments and a final one briefly describes a few applications of these kind of magnets

outside their application in high energy physics detectors.

& 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The position of magnets in detectors for particle physics
experiments is of paramount importance. The magnet is often
the most expensive component of the experiment, and it is
important to ensure that it is appropriately optimized, both as a
major product of engineering and as a complement to the other
experimental equipment. This chapter aims to give an overview
to the problems and possible solutions to design a magnet for HEP
detectors rather than being a text for magnet experts. In most
particle physics experiments one or more magnets are used to
identify the particles coming out from the interaction. While
uncharged particles traverse the magnetic field without being
affected, particles having a positive charge will be deflected to one
side and ones having a negative charge to the other. This provides
the first information to identify the particle. The deflection of the
charged particle depends on three parameters: the strength of the
field, the length of the trajectory in the field and the momentum
of the particle. The size and strength of the field can be precisely
known, so by measuring the deflection one can find the momen-
tum. Ideally for the experiment the magnetic field should be
present, preferably in a direction perpendicular to the trajectories
of the particles, as we will see in the Section 2. Moreover, with the
increasing energy of particle accelerators and the need for greater
and greater precision in the measurements, the experiments
require stronger and stronger fields in larger and larger volumes.
Many of these detector magnets therefore rely on superconduct-
ing windings. This chapter will describe the features of this class
of magnet, along with the infrastructures necessary for their
operation.
2. Magnet design

Since the beginning of the 19th century, scientists have made
use of electric and magnetic fields to bend particle trajectories.
A simple mass spectrometer is based on an electrical field that
accelerates particles (in this case ions) and a dipole magnet that
bends their trajectory, according to their mass. The acceleration
and the deflection are due to the Lorentz force:

F¼ qðEþvBÞ

that acts in the direction of the electric field E and orthogonally to
the plane containing v and B. Particles with higher momentum will
deflect less than low speed ones, particles with opposite charge will
be deflected in opposite directions and neutral particles will go
straight. Thus, by applying a magnetic field, particles can be
identified on the basis of their charge and momentum.

It is interesting to note that, due to the limited value of the
maximum applicable electric field (about 50 MV/m in vacuum),
the deviation from the straight path, due to the electric field, is
negligible for relativistic particles, compared to the magnetic one.
This explains the extensive use of magnetic fields in modern
particle detectors.

From the Lorentz equation we can easily derive that the
bending radius r for a charged particle traversing a magnetic field
B is simply given by:

qvB¼mv2=r, so that r¼ pT=qB
where pT¼mv is the momentum component transverse to the
magnetic field B. In order to measure the track of the particle, at
least three points along its path are necessary. The error on the
reconstructed path (momentum resolution) is thus proportional to:

ðdp=pÞ � pT=BR2

where R is the radius of the volume, where the particle track
is reconstructed. The latest equation shows that more than a
stronger field, a larger tracking radius gives smaller errors. However
the B field plays a role in the detector occupancy. The occupancy of a
detector with a cylindrical shell shape, placed at a distance R from
the beam axis, is defined as the number of occupied detector cells
divided by the their total number and multiplied by their time
response in two-bunch crossing time units and it results to be
proportional to the charged particle dose, for thin detector shells. A
stronger magnetic field will confine low pT particles at smaller radii,
while only high pT particles will escape the tracking region and
reach the calorimeter.

As explained above, the choice of the magnetic field for a
detector is often a compromise between the best spatial resolution
and the optimum occupancy. As a matter of fact, the value of the
magnetic field has always risen up in the last twenty years, as a
consequence of the increasing beam energy. The majority of HEP
detectors have been designed with a solenoid coil that provides a
uniform magnetic field along the beam axis, but there are examples
of dipoles (specially for experiments on beam-to-target accelerators
or when a precise measure of the particles axial momentum is
required), large toroidal magnets or more complex design.

2.1. Solenoids

Solenoids are conceptually simple, elegant and very effective
magnets. The vast majority of recent 4p detectors at HEP colliders
have relied on solenoidal type magnets, producing a cylindrically
symmetric field having the same axis as the colliding beams.
In this design, only particles with a significant transverse momen-
tum will be deflected, while those projected forward are almost
untouched. The reason for the extensive use of solenoids is easy
to understand: the symmetric 2-D field is fairly uniform and
this facilitates reconstruction of the events; there is no material
within the field volume to give rise to spurious secondary
interactions, and the magnetic forces are relatively easy to
contain. In addition, thanks to the large number of magnets that
have been made and the experience with their operation, the
associated technology is mature and steadily progressing. The
momentum resolution is given by:

ðdp=pÞsolenoid � psiny=BR2

where y is the angle between the particle trajectory and the
beam axis.

Within the limits of actual technology and road-transportable
size, the cost of the solenoid of length L is roughly proportional to
LR2B2. It is therefore clear that, as concerns resolution, it can be
preferable to invest in size than in central field, as said before.
The basic technology for building superconducting solenoids is
established, so it is relatively straightforward to design one
for incorporation into a given detector. This will be addressed
more in detail in another section. Solenoids are also adapted for



Fig. 1. Solenoid coil (A), toroid coil (B) and dipole coil (C).
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making ‘‘thin’’ magnets through which particles pass with little
likelihood of interacting, making for clean reconstruction of the
events.

It is important to note that, when used on a collider, the effect
of the solenoid on the circulating beams is small, but must not
be neglected. The accelerator has to be provided with skew
quadrupoles to correct for the coupling of vertical and horizontal
betatron oscillations, and the orbit correction scheme must
include capacity for compensating the effect of a small, but finite,
crossing angle of the beams and the misalignment of the detector
magnetic axis with respect to the machine one.

2.2. Toroids

In theory a toroidal magnetic field is ideal, both for a 4p
detector at a colliding beam facility and for forward and fixed
target detectors. The field is symmetric and perpendicular to the
beam direction, but it is not homogeneous in the volume, as it
goes like 1/r. The integrated field along the trajectory of a particle
increases as y decreases, which is favorable because the likelihood
of having high energy particles to analyze also increases as y
decreases. Charged particles produced on the axis are deflected in
a plane. There is no need for an iron yoke to close the field and
there is no field along the axis of the beams that could disturb the
beam dynamics. The momentum resolution in this case can be
written as:

ðdp=pÞtoroid � psiny=BinRinlnðRout=RinÞ

where Bin is the field at the toroid inner radius Rin and Rout is the
outer radius. The ratio Rout/Rin is usually between 3 and 5.

If toroids are not the most popular design among HEP detector
magnets, this is not only because the toroid is a difficult magnet
to build, but mainly because of the difficulty of making in practice
anything resembling an ideal toroid, i.e. to make the inner
conductor plane, and its supporting structure, sufficiently trans-
parent, or to divide it up so as to cover a sufficiently small
proportion of the azimuth, and to make it sufficiently long. This
material makes that some particles are absorbed or interact with
the structure, an effect that can easily outweigh the benefits of
conceptual elegance. Various studies made over the last years
have concluded that the best practical approximation for a high
field (and therefore superconducting) toroid, covering the central
region of the detector of a collider experiment, consists of a small
number of lumped, flat pancake coils (typically eight, see Fig. 1B).
With care these can be made to cast shadows over as little as 30%
of the azimuth, which can be considered acceptable. It implies,
however, that a significant fraction of the central detector, in
particular the electro-magnetic calorimeter, should lie within the
inner radius of the toroid. At the end, the advantages of the toroid
compared with the solenoid must be carefully evaluated. Iron
yokes, present as a complement of solenoids, are also used as
absorbers for calorimeters or muon spectrometers, the compen-
sation of the effects of solenoids on the circulating beams is easy
to understand and for a lumped racetrack toroidal coil the field is
far from being uniform. Moreover, the field on the inside con-
ductor of a typical lumped toroid is about four times the
maximum field in the useful part of the magnet (compared with
about 1.2 times for a typical solenoid), which is obviously highly
unfavorable in the case of a superconducting coil. These kind of
magnets have required extensive mechanical engineering studies
concerning both the securing of the coils in their casings and the
external structures which must safely support the magnets
against a variety of forces : gravity and two categories of Lorentz
forces internal to the coil and between different coils. The
asymmetric forces due to offsets and to quenching one or more
coils have also had to be fully understood.
2.3. Dipoles

The momentum resolution of a dipole with field B and length L

is simply given by:

ðdp=pÞdipole � p=BL
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Fig. 1C shows a H-shape dipole magnet, commonly used in
HEP experiments. It must be said that in this kind of magnets the
field is not very uniform between the poles, if they are flat as in
the sketch. However, by accurately shaping them, it is possible to
extend the width of uniform field towards the aperture edges.
While dipoles are not appropriate for the central part of 4p
detectors, they are the magnets of choice for dedicated ‘‘forward’’
detectors that concentrate on the cone of particles emanating in
the forward direction, as well as for fixed target detectors. The
design of these magnets is quite challenging. Because of the large
aperture and short length, the field is highly 3-dimensional,
and in order to control the stray field the geometry of the yoke
and coils needs to be carefully studied. In addition, a dedicated
compensation scheme must be provided for the circulating
beams. The preferred saddle shape for the coils is much easier
to achieve with a resistive than with a superconducting coil.
Unless a suitable geometry of the field can be achieved using
either circular or eventually racetrack coils, it is unlikely that any
experiment in today’s era could afford a superconducting version.
In order to maximize the integrated bending field and minimize
the stray field, if the magnet has iron poles these are often made
sloping, to match closely the required acceptance and maximize
the product BL.

2.4. Other geometries

Alternatives to the dipole for the forward region are the
quadrupole and the toroid. The toroid provides better acceptance
than the dipole, but suffers from its contribution to background
through multiple scattering, and is obviously no use for very small
angles. An advantage is that it does not require compensation. The
quadrupole is open and is easier to compensate than the dipole,
but the field reduces with reducing y, and it needs to be
complemented farther downstream with a dipole. In particular
cases other geometries may be considered. These are almost
always based on combinations of flat circular or racetrack coils,
usually without an iron yoke. The field is strongly inhomoge-
neous, but can be accurately calculated analytically, and while
onerous, tracking through it is feasible using modern computers.
The design of the supporting structure for these coils can be quite
challenging, and the space required must be taken into account in
the design of the experiment.

Having given an overview on different HEP magnet geometry,
in the following section we look to detectors equipped with
solenoidal coils. The choice of the magnetic field has a great
impact on the overall design of the detector. In the case of a
solenoid, the value of the field at the beam axis and the solenoid
free bore and length are among the first detector parameters to be
set, when designing a HEP detector. Table 1 gives some examples
of the three main parameters (B field, aperture, and length) of
some representative detectors built from 1985 to now.

Once the choice on the B field geometry and strength has been
done, it is necessary to evaluate the magneto-motive force that
would generate the required field. This is simply given by the
product of the value of the electrical current times the number of
turns. For simple magnet geometries, a first evaluation can be
Table 1
Main parameters of some HEP detector magnets (solenoids).

CDF CLEO-II ALEPH ZEUS H1 KLOE BaBar Atlas CMS

B (T) 1.5 1.5 1.5 1.8 1.2 0.6 1.5 2.0 4.0

R (m) 1.5 1.55 2.7 1.5 2.8 2.6 1.5 1.25 3.0

L (m) 4.8 3.5 6.3 2.45 5.2 3.9 3.5 3.66 12.5
easily done with the use of some analytical formulae, as we will
see in the next Section 3. However, for complex geometries, or
when the required field has important gradients, the use of finite
element codes is mandatory. Once given the value of the electrical
current, the subsequent step is to design a conductor that would
carry it and withstand the associated mechanical and thermal
stresses. The main parameter is thus the current density that
varies in function of the material and determines whether
the cable can be resistive or has to be superconductive. In the
conductor design there are also many other issues, such as the
material radiation length, if the magnet is in between two particle
detectors. Section 6 is dedicated to the conductor design, with
particular attention to superconducting cables. The above design
sequence is summarized in the schematics given in Fig. 2

The process is necessarily iterative. If the current density is too
high for the chosen conductor, the number of turns has to be
increased, the geometry of the winding pack changed and the
field has to be computed again. Once the current density, the coil
inductance, the stored energy and the field quality are within the
specifications, we can start to compute the electro-magnetic
forces on the winding pack. At the same stage, it is necessary to
verify the value of the peak field in the conductor and its influence
on the temperature and enthalpy margin, the quench protection
and discharge parameters, such as the maximum voltage and the
percent of energy that has to be extracted and dumped outside
the winding pack. For non-superconducting coils the process is
the same, but the peak field, the temperature margin and the
quench protection issues are replaced by more conventional
cooling issues.

3. Basic formulae

The most recurrent formula used to compute the magnetic
induction B in a point at a distance r from a conductor dl, where
flows a current i, is due to Laplace:

dB¼
m0i

4p
dlr

r3

In the specific case of a simple circular turn of radius r, the
field B0 at its center results to be:

B0 ¼
m0i

2r

whilst in the case of a solenoid of infinite length, i.e. a sequence of
n circular turns per unit length:

B0 ¼ m0ni

This equation is interesting because it shows that the central
field of an infinite length solenoid is independent from the solenoid
radius. A first evaluation of the intensity of the magnetic induction
B0 at the center axis of a finite solenoid coil of inner radius r, outer
radius R, finite length 2l and number of turns per unit length n,
where flows a current i, is given by the following equation:

B0 ¼
m0nil

R�r

� �
ln

aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2þb2

q

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þb2

q
0
B@

1
CA

where a¼R/r and b¼ l/r.
The limit for b¼N, example of the solenoid of infinite length,

gives again the value B0¼m0ni. In a practical way, the actual field
at the center of a solenoid coil of finite length, will always be less
than the asymptotic value of an infinite coil, depending on the
value of the parameter b. For b42, the actual field is only a few
percent less than the asymptotic value, as we can see Fig. 3.

By adding an external iron yoke, the inner field is considerably
enhanced, so that the limit value can be approached even if the ratio
2l/r is close to 1. This explains the presence of massive iron yoke



Fig. 3. Plot of B0/B0inf as a function of b.

Fig. 2. Schematics process for a superconducting coil design.

1 It is interesting to compare again the two contributions, that is some Joule/cm3

for the magnetic energy density (at 2 T) and not more than a few 10�2 Joule/cm3 for

the electric one (at about 500 kV/cm). This confirms the superiority of the magnetic

with respect to the electric field in most of practical application such as motors,

transformers, etc.
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around of most of the magnetic apparatus, not only in HEP
experiments. The yoke allows also shaping the field, i.e. to create
gradients or to enhance the uniformity in specific areas, such as the
tracking volume of a particle detector, where usually high field
homogeneity is required. The field homogeneity for a solenoid can
be expressed in several ways, one of the most intuitive being the
ratio between the difference of the axial component of the field in
the tracking volume (Bz) and the value on the beam axis (B0),
integrated over any possible radial trajectory:

Field homogeneity¼ 1�
1

R

Z R

0

Bz�B0

B0

The effect of a magnetic yoke is even more important in a
dipole magnet. In this case, the magnetic induction is simply
proportional to the magneto-motive force Ni of each coil and
inverse with the gap aperture d, i.e. the distance between the two
magnetic poles of the iron yoke, see Fig. 1C:

B� 2m0Ni=d

The above formula neglects the magnetic path into the iron
yoke, whose reluctance is supposed to be much smaller than the
air gap. This is not the case when the iron yoke is saturated, that is
typically the case for accelerator dipoles, where the current
distribution around the poles shapes the field.

Two other important parameters can be calculated with
analytical formulae: coil inductance and stored energy. The coil
inductance plays a role in defining the transient states, i.e. each
time there is a variation of current within the winding pack. The
magnetic total stored energy and the magnetic stored energy per
unit of mass are also important because they are related to
protection issues.

The coil inductance depends only on the geometrical para-
meters of the winding. For a thin solenoid it can be easily
calculated as:

L¼ mn2p2lR2

The density of an electro-magnetic field in air is given by:

w¼
1

2

B2

m
þeE2

� �

where B2/m is the magnetic component and eE2 is the electric
one.1 By integrating over the full volume, we obtain the total
energy stored in the magnet:

W ¼
1

2

Z
V

B2

m dv
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For a solenoid coil the result is:

Wsolenoid ¼
1

2

B2

m p2lR2

remembering that in this case, we can substitute B with mNi, this
gives an interesting relationship between the stored energy and
the coil inductance in a solenoid:

Wsolenoid ¼
1
2Li2

Typical values for recent HEP detector magnets cover the range
between 100 and 2.5 GJ. The magnetic stored energy per unit of
mass is given by the above value divided by the winding mass
(W/M). In superconducting magnets this corresponds to the
average cold mass temperature after a quench, as we will see
more in detail in the following sections. It is also an indication on
how much attention has to be put into the quench protection
system.
Fig. 4. Saturation curve B–H for typical magnet steel.
4. Magnetic yoke design

4.1. Magnet-detector integration

We have seen in the Section 3 that the presence of a magnetic
yoke allows for a more homogeneous field in the detector
tracking region. The yoke has also an important function of
supporting the different detectors that compose the experimental
set-up. Usually the magnetic requirements are more stringent
than the mechanical ones, the thickness of the yoke being chosen
to carry the maximum flux. The advantage of a thick magnetic
yoke results in saving current in the coil and keeps the stray field
outside the detector to low levels. The stray field affects all the
equipment located in the experimental area and could make
difficult or dangerous the access to some detector components
when the magnet is on. However there are always limitations on
the overall quantity of iron that can be put around a detector. First
of all the maximum detector weight cannot exceed the limit given
by civil engineering, both in terms of admissible weight on the
beam area and of long term stability of the cavern geometry, that
needs to be assessed by periodical survey measurements. More-
over the detector needs to be accessible inside, so the yoke has to
be easily opened to grant accessibility to the innermost compo-
nents. These two requirements, massive yoke to carry a max-
imum of magnetic flux and light weight for easy opening are
conflicting and require a careful magnet-detector integration
study. A good magnet yoke design means easy maintenance and
optimum operation reliability, without compromising the detec-
tor physics performance.

Another important functionality of the yoke is to act as a
radiation shield. A thickness of more than one meter of solid iron
is necessary to lower the value of charged particle radiation
outside the detector, whilst the neutron field remains important,
specially in hadronic colliders. In addition to that, modern safety
codes for HEP sites require a complete safety analysis regarding
the occurrence of an earthquake. The magnet yoke is designed in
order to limit to a minimum the risk of damages, in particular
structural parts have to keep their integrity after a seismic stroke.
For this purpose, finite element analysis of the yoke structure
are done with the aim of evaluating its natural frequency and
vibration modes along with it response to a typical seismic
excitation.

In addition to supporting the different sub-systems of the
detector, the magnetic yoke is often the support of the last
accelerator components, close to the interaction point. This is
particularly true for lepton colliders, where the focusing quadru-
poles are located at a few meters from the beam collision point.
In this case a special care has to be put to isolate the final focusing
magnets from any noise or vibration that could be transmitted or
even amplified by the massive magnetic yoke, thus reducing
dramatically the accelerator luminosity at the interaction point.
For future electron–positron linear colliders, what above is one of
the most challenging engineering issues.

4.2. Steel characteristics

Not all kinds of steel alloys are adapted as iron yoke material.
Most magnets use steel alloys with a low content in carbon as flux
return yoke, typically less than 0.1%. The magnetic performance of
steel is highly variable and affected by both the chemical
impurities in the iron and by its mechanical and thermal proces-
sing. The magnetic characteristics of steel are dominated by its
carbon content and other chemical impurities. Because of this,
generally a magnet steel is designated by its equivalent carbon
content. The magnetic performance is also affected by mechanical
processing. Rolled steel may have different directional magnetic
properties. Isotropy can be restored by annealing the rolled steel
at some temperature high enough to re-grow the crystalline grain
structure. This has an impact on the maximum size of yoke pieces
that can be heat-treated in an oven and on their fabrication cost.

Also the coercive field plays an important role. Coercivity,
measured in A/m, indicates the resistance of a ferromagnetic
material to become demagnetized, i.e. the intensity of the
external magnetic field necessary to reduce the residual magne-
tization of the material to zero. Steel alloys for iron yokes must
have a coercive field as low as possible. This quality of the steel is
of primary importance for accelerator magnets, but it stays
relevant for detector magnets as well (Fig. 4).

4.3. Assembly

The HEP experiments in the early 80’s where build directly on
the interaction point, or close by. A few years later, large assembly
hall have been built to allow a safe and comfortable construction
of heavy detector magnets that were then moved to the beam
pipe once completed. As many accelerator complex are located
underground, there is a cost limitation on the size of these
assembly halls and the associated lifting devices. By these con-
siderations, some large and heavy experiments have been con-
ceived to be assembled on surface and then lowered into the
cavern in slices. The CMS experiment at CERN is an example of
this kind, it has been assembled and tested on surface and then
lowered down 100 m into the experimental cavern (see Fig. 5).



Fig. 5. CMS magnet: lowering magnet elements from surface down to the

experiment cavern, one hundred meter below ground.

Fig. 6. Axial cut-out of the CMS detector magnet. The cylindrical blue part

represents the superconducting coil, while the green boxes stand for the yoke

massive iron pieces. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 7. CMS magnet: main and stray field calculations.

2 CMS detector magnet at LHC accelerator, year 2006.
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The design of the magnetic yoke, which is split into 13 slices,
allows for an easy opening and accessing to the internal detectors.
Fig. 6 shows an axial cut-out of the CMS magnet yoke. The blue
thick line is the 4 T superconducting solenoid, while the green
boxes are massive iron pieces. The slots between iron parts are
fitted with muon chambers. The sketch visualizes very well the
open structure of the yoke, with an overall length of 20 m and a
diameter of 14 m. This choice was made in order to have an easy
access to the inner detector and an overall yoke weight not
exceeding 10,000 tons. As a consequence of this open design, a
significant fraction of the return field, specially in the forward
region, escapes the saturated iron yoke and generates a non-
negligible stray field (see Fig. 7), that imposes some precaution, as
we will see in Section 9.

4.4. Stray field issue

Recently some studies have been done to find alternative
solutions to the presence of a massive iron yoke. CMS yoke
weights some 10,000 tons, for the next generation of leptons
linear colliders, detectors with a yoke weighting up to 15,000 tons
have been proposed. The cost of bare steel becomes in this case a
significant fraction of the whole detector cost, along with the
tooling necessary to assemble and move such a heavy detector.
The function of closing the magnetic field lines outside the
solenoid inner volume can also be achieved without a yoke, by
adding a larger solenoid, coaxial with the main one. In this
arrangement the effective field in the inner volume is the
algebraic sum of the original inner field and the outer one, whilst
the stray field outside the larger solenoid results to be very low.
There are many engineering problems to overcome to realize such
a design at the scale of the modern HEP detectors, but undoubt-
edly that is the case also for very large magnetic yokes.
5. Superconducting magnets

Although the idea of making electromagnets with supercon-
ducting wires was proposed by Heike Kamerlingh Onnes, shortly
after he discovered superconductivity in 1911, a practical super-
conducting electromagnet had to await the discovery of type-II
superconductors that could stand high magnetic fields. The first
successful superconducting magnet was built in 1954, using
niobium wire and achieved a field of 0.7 T at 4.2 K. The first
application large to HEP detector was done at Argonne National
Laboratory in 1968, where a split-coil superconducting solenoid
was providing a 1.8 T field to a large liquid hydrogen bubble
chamber. The superconducting cable was immersed into a liquid
helium pool and it was able to carry a current of 7.75 A/mm2.
Gradually the current density rose to 12.5 A/mm2, till the first
cable stabilized with an aluminum insert was developed for the
Cello experiment, in 1978. The new conductor design allowed for
the indirect cooling of the winding pack, with large benefits for
what concerns the compactness and the mechanical stability of
the coils. All the following superconducting magnets followed this
idea that proved to be very effective. The current density has
reached now values of the order of 30 A/mm2, the nominal field
4 T and the stored energy the outstanding value of 2.5 GJ.2

We compare the above numbers with what has been achieved
with a resistive coil, taking as an example the large solenoid of the
Alice magnets at LHC (former L3 experiment magnet at LEP),
that is characterized by a current of 30 kA, current density
0.55 A/mm2, nominal field 0.5 T, voltage drop 140 V, stored energy
150 MJ and power consumption 4.2 MW. It is clear that a super-
conducting coil outscores in the current density (that means thinner
winding pack), voltage drop and power consumption (i.e. lower
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operation costs). On the other end, a resistive coil is cheaper in terms
of conductor manufacture and associated services. In other words,
the superconducting coil is the best choice when the operation costs
are dominant over the construction ones, or there are technical
requirements (high field, thin coil) that make the resistive option
not practicable.

The winding pack of a superconducting coil, indirectly cooled
by a flow of liquid helium, is not conceptually very different from
that of a resistive coil, if we make abstraction of the conductor
material and the operating temperature. The current flows in an
insulated conductor, wound inside a mandrel or self-supporting.
Cooling pipes are attached to the winding pack to extract the heat
generated by the resistive coil or to keep the superconducting coil
at the required temperature. Whilst the conductor for a resistive
coil is rather easy to design, that for a superconducting one is
often a major technological challenge.
Fig. 9. Conductor load-line, critical current and temperature margin.

Fig. 8. Relationship between critical current, temperature and field in a NbTi

superconducting cable.
6. Conductor design and windings techniques

6.1. Superconducting cables

Among dozens of high field superconducting alloys and com-
pounds developed and tested late 1960s, only two Nb alloys have
been practically employed in HEP detector magnets. NbTi and
Nb3Sn have, respectively, a critical temperature of 9.3 and 18 K
and a critical field of 12 and 22 T at 4.2 K and zero-current. By
looking to this, one could argue that Nb3Sn would be the best
choice, but in reality all the superconducting HEP magnets have
been wound with NbTi strands. The reason is that this material is
much easier to work that Nb3Sn, which shows high brittleness
and requires a complex winding operation. Moreover typical
detector magnets do not require fields larger that 5 T, so that
the value of the critical current at 5 T and 4.2 K is still large
enough to have a compact winding pack. The situation is different
for accelerators magnets, where fields over 10 T can be required,
thus the only available material is Nb3Sn. In the recent years a
new category of high temperature superconducting cables (HTSC)
have been developed in many research centers. Although their
characteristics look very promising, there are still technological
issues to be overcome before they could really challenge the Ti-
based superconductors in HEP detector magnets. However they
can already now replace low-temperature superconductors for a
number of specific applications, such as current-leads feeders and
bus-bars.

Fig. 8 plots the critical values of temperature, current density
and B-field for a typical Nb–Ti superconducting cable. These three
variables are strictly linked together so that if we want, for
instance, to increase the current (and consequently the field) we
have to lower the temperature to avoid quenching the cable. As
the field value is imposed by the detector design and the
temperature given by the liquid helium boiling point at atmo-
spheric pressure (4.2 K), the current density upper value is
univocally determined. This corresponds to some kA/mm2, that
looks exceptional compared with what reached by the first
superconducting magnets (cfr. Section 5), but the true value, i.e.
the actual current density of the engineered conductor is much
lower, as other materials have to be added to the bare NbTi alloy
in order to assure its thermal and mechanical stability.

6.2. Conductor design

We refer here to the design of a superconducting cable suitable
for a solenoid coil. We have seen in Section 3 that for this
specific coil geometry, the central field B0 is proportional to the
number of ampere-turns linear density Ni. This proportionality is
represented by a straight line (load line) in the i vs Bcable graph
(Fig. 9). We also know, from numerical computations, that the
maximum field in the conductor can locally reach 1.2 times the
nominal one, in particular at the solenoid ends, where a strong
radial component of the field appears. We indicate with Bref the
maximum field seen by the conductor at the nominal central field
B0. The load line gives the current iref in the magnet that results in
a peak field Bref in the conductor. In the same graph we plot two
isothermal lines that represent the relationship between icritical

and Bref at constant temperature. The line intercepting the point A

gives the critical current of that cable at the nominal temperature
of 4.2 K and the peak field Bref, the line passing by c indicates the
critical temperature Tc4Tref at which the cable is still super-
conducting. The difference DT¼Tc�Tref gives the temperature
margin of that cable at its working field. The larger this value is,
the greater is the superconducting coil stability against perturba-
tions. Typical values in HEP detector solenoids for the above
mentioned variables are icritical¼3iref and DT¼1.5–2 K.

An important parameter to be checked, for the assessment of
the superconductor stability, is the enthalpy margin, i.e. the
energy necessary to increase a unit volume of coil mass from its
operating temperature to the transition, or current sharing, and
temperature. Actually it is allowed to have some heat released



Fig. 10. Conductor cross-sections of some superconducting magnets for HEP detectors.

A. Gaddi / Nuclear Instruments and Methods in Physics Research A 666 (2012) 10–2418
inside the winding, either localized or distributed, but under the
requirement that the superconducting cable maximum tempera-
ture does not exceed the current sharing temperature (Ts):

Ts ¼ Tc�ðTc�Tref Þ
iref

icrit

The critical temperature Tc, as function of the magnetic field,
can be empirically evaluated from the below formula, where Tc0 is
the critical temperature at zero-field (e.g. 9.3 K for NbTi):

TcðBÞ ¼ Tc0 1�
B

Bc

� �0:59

The balance between the number of turns n and the electrical
current i, depends on the conductor form-factor and its technol-
ogy. A thin conductor winding would carry less current and
need more turns, a thick conductor would do the opposite. We
shall remember as well that the maximum number of turns is
limited also by the coil inductance L, a parameter that plays a
key role in the transient states, namely during a fast discharge
(cfr Section 9.2).

The typical superconducting cable for HEP magnets comes
under the name of ‘‘Rutherford cable’’ and is made by a thin braid
of several twisted NbTi–Cu strands, about 1 mm in diameter. The
number of strands ranges from 12 to 40,3 depending on the
required current. The ‘‘Rutherford’’ is embedded into a high purity
aluminum cladding, called stabilizer, that has the function of
giving a solid shape to the cable and helping in sharing the
current between the NbTi–Cu strands and the aluminum, in case
of local transition from superconductive to resistive state of the
strands, by limiting the joule effect and preventing a generalized
quench. As a consequence of the ‘‘Rutherford cable’’ geometry, the
form factor of such a conductor with its stabilizer is a rectangular
cross-section, with the ratio between height and width that can
be adjusted within certain limits (see Fig. 10). The quality of the
high purity aluminum is measured by a fundamental parameter
that gives the ratio between its resistivity at 4.2 K and at room
temperature (RRR¼Residual Resistivity Ratio). The best alumi-
num grades show a RRR above 2000, but acceptable values start
at 400.

Following the electrical (critical current) and thermal (tem-
perature margin) design, the conductor has to be designed also to
withstand the magnetic forces acting on the winding pack.
Directly from the Lorenz force equation seen in Section 2, we
understand that the axial field component generates radial forces
and the radial field component (essentially present at the sole-
noid ends) is responsible for axial forces. From a practical point of
3 The number of 40 strands is a limit due to the cabling machine technology.

At present, cables with upto 40 strands and 3 km length have been produced.
view, the solenoid coil tends to expand due to the radial magnetic
pressure and to shrink under the load of the axial forces at its
ends. For a homogenous conductor, with a rectangular cross-
section h–w, the stress s due to the radial magnetic pressure is
given by:

2pr
B2

0

2m0

¼ 2psh, so that s¼ r

h

B2
0

2m0

The elongation e is simply:

e¼ s
Y
¼

r

h

B2
0

2m0

1

Y

where Y is the material Young modulus. There is an interesting
relationship between the stored magnetic energy per unit mass
(W/M) and the hoop stress for a ‘‘thin’’ solenoid, with mean radius r,
thickness h, total length L and specific mass r. Recalling that:

Wsolenoid ¼
1

2

B0
2

m0

pLr2 and M¼ 2prhLr

we have

W

M
¼

1

4

B0
2

m0

r

h

1

r

and consequently ðW=MÞ ¼ ðs=2rÞ
This equation means that the stored magnetic energy per unit

of mass is directly proportional to the conductor hoop stress. On
the other way around, given the maximum allowable hoop stress
in the conductor (and its specific mass), we can obtain the value
of the maximum stored magnetic energy density. Actual values
for large HEP detector solenoids are comprised between 4 and
10 kJ/kg, resulting in a hoop stress between 20 and 50 MPa, for
aluminum stabilized superconducting cables.

The axial compression force adds a stress that is given by the
total force divided by the conductor lateral surface. Typical values
of compression stresses are between 10 and 30 MPa. In addition,
shear stresses are present in the winding due to differential
thermal contraction coefficients between materials. These stres-
ses are particularly important at the insulation between turns and
they can eventually lead to a crack in the material.

6.3. Conductor technology

We have said in Section 5 that one of the main technological
break-through in the design of superconducting cables for HEP
detector magnets has been the passage from direct to indirect
cooling. This has been possible, thanks to the development of the
co-extrusion of the ‘‘Rutherford’’ cable with the high purity
aluminum. The extrusion process has to assure a perfect bonding
of the two elements, without compromising the electrical perfor-
mances of the superconducting cable.



Fig. 11. CMS reinforced conductor (dimensions are in mm).
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The mechanical characteristics of the pure aluminum stabilizer
being limited, in order to sustain the magnetic forces during coil
energization, the winding has to be enclosed into a surrounding
cylinder that keep the hoop stress within the limits. By increasing
the size and the nominal field of the coils, the magnetic forces
become too large to be withstood by the pure aluminum con-
ductor, even with the help of the support cylinder. In order to
solve this problem, two different conductor designs have been
investigated for LHC detector magnets at the end of the 90s. For
extra-thin coils, that have to guarantee the maximum transpar-
ency to traversing particles, the choice was made to use doped
aluminum as stabilizer. This alloy, based on Nickel or Zinc
doping, gives a much higher yield strength to the stabilizer
without compromising too much its electrical performances at
low temperature (typical values are syield¼85 MPa and
RRR4400).4 The resulting winding pack is very compact radially
and it could be fitted between the tracker and the electro-
magnetic calorimeter. The other choice, for the very large aper-
ture and high field solenoid of the CMS magnet, was to reinforce
the high pure aluminum stabilizer with an aluminum alloy
showing the best mechanical performances at cold temperature.
In this design, a double extruded profile of AA6082, welded to the
aluminum stabilized via two electron beam guns, gives the
required resistance to the conductor, limiting the overall strain
to about 0.15%. This design assures the highest stability, due to
the optimal RRR of the high purity aluminum, combined with the
outstanding mechanical properties of the AA6082 alloy. However
the inner high purity aluminum is fully in the plastic domain once
the magnet is powered, consequently the electrical performances
of the conductor will slightly degrade with the increasing number
of powering cycles (conductor aging) (Fig. 11).

6.4. Winding techniques

From the previous sections, it is clear that the superconducting
conductor is actually a compound and complex masterpiece of
engineering, whose part carrying the current is only one element
(although still the most important one). This is by the way the most
evident difference between a cable for accelerator magnets and a
conductor for large HEP detector magnets. An accelerator magnet
4 Atlas Central Solenoid Technical Design Report, April 1997, page 25
requires a high current density and therefore a compact winding,
from which the magnetic stored energy can be quickly extracted, a
superconducting conductor for detector magnet on the contrary has
to be well stabilized and fully protected against quenches, as the
energy extraction is made difficult by its high inductance.

It is also clear that the winding techniques cannot be the same
as for an accelerator magnet. The conductor is much stiffer and its
length could reach 50 km, as in the case of the CMS magnet,
where for practical reasons, it has been decided to put in series 20
lengths of 2.5 km each. A dedicated winding machine has to be
built specifically for each detector magnet, in order to bend the
conductor in turns of the required radius and then compact them
to have a monolithic winding pack. No relative movements of the
turns are allowed when energized, because a quench could be
generated by the smallest release of energy within the coil.

The following operations have to be performed during cabling
winding:
(1)
 De-spooling, as the conductor usually comes spooled onto
large drums.
(2)
 Cleaning, to assure a proper surface for the conductor
insulation.
(3)
 Bending at the calculated radius. During this process the
cross-section of the conductor is deformed (key-stoning)
and an accurate evaluation of this effect has to be made to
avoid sliding out of tolerance just by piling up turns.
(4)
 Insulating with a glass-fiber tape.

(5)
 Packing of the turns and monitoring of the geometrical

tolerance.
Then the winding pack is ready to be impregnated, preferably
under vacuum, as it will be described in the Section 6.5.

The winding operation has to be carried in a controlled area,
where temperature and humidity are kept constant and dust
limited to a minimum. Depending on the complexity of the coil
design, other operation are required, such as conductor leads
preparation for jointing, installation of temperature, voltage,
strain gauges, etc.

6.5. Vacuum impregnation

Woven fiberglass tapes can be found on the market already
impregnated with thermo-setting epoxy resin. The conductor is
then wrapped with the impregnated fiberglass tape during wind-
ing. A final layer of this tape is wrapped around the wound coil as
ground insulation. The wrapped coil is installed in an oven and
cured using the appropriate thermal cycle indicated by the pre-
preg tape supplier. This method is cheap to follow but it has some
inconvenient. The encapsulation is porous, so that dirt and
moisture can contaminate the coil and can potentially cause
turn-to-turn shorts.

Impregnation under vacuum is on the contrary the best
practice. It is rather expensive because it requires the fabrication
and assembly of a dedicated vacuum oven, with its associated
tooling to manipulate the complete winding pack. A vacuum
impregnation system comprises:

(1) The epoxy de-aerating tank, fitted with mixing vanes
connected to a mixing motor and a heater, so that the resin can
be mixed and de-aerated at warm temperature.

(2) The potting tank or vacuum oven, with fittings to inject the
resin and evacuate air. The resin injection can take several hours
while the curing can last even days, depending on the size of the
winding pack.

This process is particularly critical at this stage of manu-
facturing as a failure in the resin impregnation could eventually
lead to reject the whole coil, thus the know-how of an
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experienced company in vacuum impregnation is of paramount
importance.
Fig. 12. Typical distribution of cryogenics losses.

Table 2
Typical thermal loads for large superconducting magnets.

Static thermal loads at 4.5 K (W) Dynamic thermal loads at 4.5 K

Radiation 100 Eddy currents on ramping 60 W

Support system 50 Eddy currents on slow-discharge 200 W

Ancillaries 20

Cable junctions 10

Static thermal loads at 70 K

Thermal screens 3000 Current leads He flow (20 kA) 2.5 g/s
7. Cryogenics, vacuum and other ancillary systems

7.1. Cryogenics design

The superconducting technology is strictly linked to the
development of cryogenics plants that are necessary to supply
the liquid helium to keep the superconducting cable at the
required temperature. We have seen in the previous section, that
the current carrying capacity of the cable is a function of its
temperature. Practically, most of the superconducting magnets
for HEP detectors use liquid helium at 4.5 K and 1 ata. For special
high field magnet, supercritical helium at 1.9 K has been used, but
the complexity of pumping over the helium bath to lower its
saturation temperature makes this solution quite expensive.

The process for producing liquid helium is known since
Kamerlingh Onnes in 1908. Modern cryogenics plants supply
nowadays 1 kW of cooling power at 4.5 K, equivalent to some
hundreds grams per second of liquid helium,5 that is largely
enough to cool a HEP detector magnet, taking into account the
static and dynamic loads of the system (Fig. 12).

Typical cryogenics loads for a large superconducting solenoid
are listed in Table 2

In Fig. 13 a simplified layout of the cryogenics and vacuum
services is represented. On surface, large vessels contain gas He
ready to be injected into the warm compressors that compress the
gas to about 20 bars at 300 K. The gas is then sent to the high
pressure inlet of the He liquifier, also called ‘‘cold-box’’, that is
usually located in a service area not very far from the detector itself.
In the cold-box helium gas passes through a series of heat-
exchangers and expansion turbines, each time reducing its pressure
and temperature. At the final expansion, the gas helium liquifies, at
a temperature of 4.5 K at 1 ata. The liquid He is transferred to a
storage dewar very close to the detector magnet, via a vacuum
insulated transfer line. The helium enters then the magnet vacuum
enclosure, via a valve-box, to cool the superconducting winding
pack. The return line carries the saturated vapor He coming out of
the magnet back to the cold-box, where it passes through the heat-
exchangers to get back to the compressors. The whole cycle is fully
instrumented and controlled by PLC, reducing human interventions
to solve faulty states or exceptional transient cases.

The circulation of the liquid helium inside the magnet could be
done either via a forced flow or by density gradient. The first
method can be applied to all magnet geometries and allows a
precise tuning of the flow inside the winding pack. It requires,
however, cryogenics pumps that are rather delicate and expensive,
moreover a fraction of the cooling power is lost in the pump itself.
The thermosiphon method can be applied only when the design of
the winding pack allows for natural circulation of the liquid
helium, driven by a density gradient due to the increasing vapor
title in the fluid. This method being fully passive, it is the preferred
one for most of the latest HEP detector solenoids. The driving force
depends on the height of the liquid helium bath free surface with
respect to the lowest point in the winding pack cooling loop, times
the difference in density of the fluid in these two locations.

7.2. Vacuum insulation

The cold-box, the liquid–helium transfer lines, the valve-box,
the dewar and the magnet vacuum enclosure are kept under
5 1 kg of liquid helium at 4.5 K and 1 ata has a volume of about 8 l.
vacuum to limit the thermal losses. Thus the vacuum pumping
system has to be reliable and robust to allow continuous opera-
tion of the cryogenics system. It consists usually of a fore vacuum
unit that assures a rough vacuum of some mbar at the exhaust of
one or more high vacuum pumps, located directly on the magnet
vacuum enclosure. To be noted that, due to the magnetic stray
field emerging from the detector magnet, only stationary HV
pumps can be operated, usually oil-diffusion pumps. The proce-
dure for vacuum pumping starts with the fore vacuum pumping
unit that lowers the pressure inside the magnet cryostat to about
10�3 mbar to allow the switching on of the high vacuum pump.
The latter has to lower the pressure to better than 10�5 mbar in
order to start the circulation of cold helium gas in the winding
pack. To limit the mechanical stress caused by high temperature
gradients into the magnet, the maximum difference in tempera-
ture of any point shall be kept lower than 30–40 K. Once the
temperature in the magnet cryostat is lower than 77 K, most of
the residual air condensates over the cold surfaces and the overall
pressure falls quite rapidly. Finally, when the magnet reaches its
nominal temperature of 4 K, then the cryogenic pumping of the
cold surfaces is large enough to keep the vacuum level well below
10�6 mbar and the HV pump can be switched off. The most
critical period in the whole sequence, that depending on the cold
mass size could take over 3 weeks, is when the magnet tempera-
ture is between 150 and 20 K. In this range, the active pumping
has to guarantee a good insulation vacuum to avoid condensation
of air humidity onto the external magnet vessel that could cause
severe damages to the detector.

7.3. Thermal shields

We have said that, in order to limit the thermal losses, all the
components working at cryogenic temperature are enclosed into
a vacuum vessel. The insulation vacuum there protects against
losses by air-convection, but also radiation, from the warm inner
surfaces of the vessel into the cold mass, has to be stopped. This is
done by interposing a thermal shield, cooled at a temperature



Fig. 13. Simplified schematics of cryogenics and vacuum services.

A. Gaddi / Nuclear Instruments and Methods in Physics Research A 666 (2012) 10–24 21
between 40 and 80 K that intercepts most of the radiation coming
out from the vessel. The thermal shield is very effective, but it
complicates the design of the cold mass and the associated piping.
It usually consists of a metallic sheet cooled by a flow of
pressurized helium gas and carrying a multilayer insulator blan-
ket. The thermal shield is supported by low-conductivity posts
designed to let the different component slide under the different
movements induced by thermal gradients.

Generally speaking the design of the cryogenics and vacuum
systems is critical as the operation of any superconducting
magnet depends on the reliability of these systems and their
associated services. Pumping and cooling down times are given
by design parameters that, once decided, cannot be easily mod-
ified when the system has been built. Adequate redundancy has
to be foreseen where necessary and it is also important to have
predictive maintenance in order to limit the downtime when the
experiment is taking data.
8. Power circuit

The main role of the powering circuit is to provide precise
current value and protect the magnet against faulty states. The
great majority of HEP detector magnets are powered with DC
constant current, but there are a few examples of magnets
powered with a DC pulsed current.6 The main circuit components
are the power supply unit, the main breakers, the protection
resistors and diodes and of course the detector magnet. The
power supply unit provides the DC current to the magnet.
Depending on the current value and the requirements on current
6 For example, the Chorus hexagonal magnet at CERN was pulsed with a

3200 A current for 12 ms, one pulse every 7 s.
ripple and precision it can be done in different technology. It is
out of the scope of this chapter to describe this in details. We can
just add that one of the most important problems to solve is the
read-out of the actual current level. For values above 10 kA is
largely diffused the use of DCCT devices (Direct Current Current
Transformers) also known as zero-flux current transformers.
They allow for a precise measurement of the DC feeding with a
resolution of some ppm.

The power supply unit is dimensioned in function of the
current ramping rate (di/dt) and the resistive (R) and inductive
(L) charge of the circuit. The output voltage must satisfy the
relationship:

V ¼ iRþ
di

dt
L

In steady-state the output voltage is given only by the resistive
load of the coil (if not superconducting), plus the voltage drop
across the current-leads and the lines connecting the power
supply to the magnet. For a resistive magnet the output voltage
can be of the order of 500 V, whilst for superconducting magnets
it is normally limited to 5–10 V (Fig. 14).

Current-leads for superconducting magnets are probably the
most difficult piece of engineering of the power circuit. As they
represent at one time the transition piece from resistive to
superconducting cable and from room temperature to liquid
helium one, their design involves almost all the disciplines.
Detailed design of high current leads can be found on almost all
HEP detectors technical proposals. Here we give only a brief
description, focusing on superconducting magnets. Current
density in the resistive part of the current lead is limited to
10–15 A/mm2, whilst once in the superconducting part, it rises to
about 1 kA/mm2 or more. As the superconducting part is normally
cooled by liquid helium, the same fluid is evaporated along the
resistive part to keep cooled the bulk resistive conductor. Thus



Fig. 14. Typical current ramping curves for a superconducting magnet: the green

and blue ones indicate current ramp via the power supply, the red and yellow ones

indicate current ramping down via the dump resistor. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
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the design foresees a massive resistive (made of copper or
aluminum) conductor, usually consisting of a braid of multiple
interlaced strands, through which the cold helium gas flows and
that is then soldered or crimped to a massive foot, to which the
superconducting cable is soldered. The whole assembly is con-
tained inside a pressure cylinder that is, on its turn, located inside
a vacuum vessel. One of the problem is to guarantee the right
helium flow through the system: at the bottom of the current lead
there must be enough helium to keep the superconducting cable
at the right temperature and, at the current lead head, the
temperature of the escaping gas helium has to be above the local
dew point to avoid any condensation. This is obtained with a set
of electric heaters that supply the heat necessary to warm up the
helium gas, in addition to the joule effect present in the resistive
part of the current lead. A PID controller acts on the liquid helium
supply and on the heaters, to balance the contribution of the joule
effect that is dependent on the current level.
9. Magnet protection issues and safety aspects

9.1. Instrumentation, controls and safety systems

Instrumentation and controls play a fundamental role to
assure the reliable and safe operation of modern HEP detector
magnets. The number of parameters to be monitored ranges from
a few tens for resistive magnets to many hundreds for large
superconducting ones. Typical variables include current value,
voltage, temperature, cryogen and water flow and pressure, forces
and displacements, field values, status of contactors and breakers,
etc. The monitoring and control system is based on program-
mable logic controllers that survey all the process parameters,
both for normal operation and for faulty states, that are not
dangerous neither for the equipment nor for the personnel.
Severe faulty states (such as quenches, electrical shorts, etc.) are
handled by a fully hardwired safety system that takes over the
standard control processing anytime its own dedicated transdu-
cers spot a risky situation. The safety system has usually much
less channels than the central one, but all the sensors and
actuators are fully cabled, in order to avoid any network delay.
Moreover the alarm-action matrix, that sets the actions to be
taken as a function of the alarms present, can only be modified by
experts when the magnet is down. The magnet safety system is
also connected with the detector safety controller, in order to
actuate all the interlocks necessary to protect the detector from
an emergency state of the magnet (a typical example is during a
current ramping up or down, when the detector high voltage
channel are usually switched off). On the other way, the detector
safety controller allows the magnet to be ramped up only when
the detector configuration is the right one, i.e. the yoke is fully
close, the safety warnings are switched on, etc.

During normal operation, the set-value of magnet current can
be changed within the limits and at the rate given by the control
system. Ramping from zero to full current can take from a few
minutes to several hours, depending on the magnet nominal
current, coil inductance and the power supply output voltage.
Ramping down can be done either via the power supply, usually
at the same rate as ramping up, or via a fully passive resistor bank
that can be set to two or more different configurations, slow
dump, fast dump or any intermediate.

9.2. Dump resistors

We have seen in Section 8 that the powering circuit can be
considered as a RL circuit, the resistive part being given, in normal
operation, by the coil winding (in case of resistive magnets) and
the powering lines connecting the current supply to the coil. The
magnetic energy stored in the magnet has to be quickly extracted
out of the winding each time a faulty state of the magnet or the
detector requires a fast dump. This is commonly done by
connecting in parallel with the coil winding a resistor bank,
whose resistance can be set to at least two different values (Rslow

and Rfast), giving two different discharge time constants:

tslow ¼ L=Rslowðs
�1Þ and tfast ¼ L=Rfastðs

�1Þ

The current discharge is described by the differential equation:

L
di

dt
¼ RðtÞiðtÞ

where R represents the sum of the resistance of the coil plus the
external circuit, including the discharge-bars and the resistor
banks. It is important to notice that R changes with time due to
the joule effect. The effect of self-inductance of the external
mandrel of the coil and the mutal inductance between the
mandrel and the coil itself is here neglected. The above equation
sets as well the maximum voltage and current rate during a
discharge. For safety reasons, the maximum allowed voltage
during a fast dump is of the order of 1 kV. Higher values would
require complicated turn-to-turn and coil-to-ground insulation
techniques.

In superconductive magnets dump resistors are of paramount
importance, because they have to extract as much stored energy
as possible in the shortest time, in order to protect the cable from
burning. In this case, the resistors are permanently connected to
the winding, also during normal operation. The voltage drop at
their leads is limited by the fact that they are shunted by the
superconducting coil, whose resistance is zero. Only when a
quench occurs and the coil transits to a resistive state, a large
fraction of the current takes the way of the dump resistor.

In large HEP detectors, dump resistors have to take away up to
1 GJ of stored energy. This implies oversized bus-bars connecting
the coil to the resistors and large banks that measure hundreds of
cubic meters. Compact dump resistors banks are developed when
there are space concerns or in case the cavern ventilation cannot
take the thermal load. These are water filled vessels that contain
the resistors, the energy dumped by joule effect is taken by the
water enthalpy. Special care has to be taken designing such a
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system in order to avoid the critical heat flux that could burn-out
the resistors, by creating a thermal resistive vapor barrier
between the resistors and the bulk water. The production of
hydrogen gas by water hydrolysis has also to be taken care of.

9.3. Stray field

The stray field present outside the detector imposes precau-
tions both for what concerns the choice of equipment supposed to
run in proximity of the detector magnet and for the operations
that are allowed when the magnet is switched on. It is clear that
electrical driven motors are largely affected by the stray field and
they are usually replaced by air-driven motors or shielded with
massive iron screens. Same care has to be put on electro-actuated
valves and instrumentation in general. A test to check the
behavior of any component supposed to work in presence of a
magnetic stray field is highly recommended. As a general rule,
any work in presence of a stray field exceeding 10 mT shall be
avoided, specially if it involves the displacement of heavy metallic
pieces via a crane or any similar lifting device.

9.4. Helium release

The release of large quantities of helium gas into the experi-
ment cavern can occur either during a magnet quench or in case
of accident, for instance when a vacuum insulated liquid helium
line gets damaged. In both cases a large fraction of the liquid
helium contained into the magnet cooling circuit, evaporates and
expands, escaping to atmosphere through release valves or burst
disks. It is important to evaluate the maximum quantity of helium
that could be released in the worst possible scenario. It is worth
recalling that 1 l of liquid helium expands to some 750 l of gas at
room temperature. Considering that the amount of liquid helium
contained into a large HEP superconducting magnet can reach one
cubic meter, this corresponds to some 750 m3 of gas helium at
room temperature. The cavern size and ventilation shall be
adapted to this, knowing also that, in order to avoid any risk of
asphyxia, the oxygen content shall be maintained above 12–15%.
Oxygen deficiency hazard sensors trigger the evacuation alarm
whenever a dangerous threshold is reached.
10. Field mapping

We have said in the Section 1, that the deflection of the
charged particle depends on three parameters: the strength of the
field, the length of the trajectory in the field and the momentum
of the particle. The size and strength of the field have to be
measured, so that by measuring the deflection of the particle
trajectory, physicists can find its momentum. Depending on the
geometry, the measurement of the B-field inside the detector, can
be not trivial at all.

Finite elements codes help in modeling the magnetic field in
the detector region of interest. The precision of these models can
reach a few percent, providing that the material properties for the
iron yokes are well known and the boundary conditions are
properly written. By using these models, a full measurement of
the B-field is not mandatory anymore. An adequate array of
probes in significant locations can be used to calibrate the model
and consequently know the B-field vector in any volume covered
by the model itself. However, specially in the detector tracking
region, a precise field map is often performed by a scanning
machine that holds several probes and maps the volume by
moving instrumented arms along a pre-defined path.

The field value in air is commonly measured by NMR probes or
Hall-effect sensors. The first give an absolute value but they need
to be placed in a homogeneous zone, they are quite bulky and
expensive, specially in terms of read-out, the latter are compact
and easy to operate, but they require an accurate calibration
around the nominal value of the field they have to measure. It is
sometimes important to measure the magnetic induction inside
the iron yoke. This can be done by using flux-loops, i.e. windings
around a massive steel block. The variation of the field inside the
block generates a voltage change in the loop that can be measured
and integrated in time. This method is normally used only during
a fast dump to maximize the signal-to-noise ratio.
11. Applications of HEP detector magnet technology outside
particle physics

Modern superconducting magnets for HEP detectors have
benefitted of a 50 years continuous R&D program that involves
different technologies. Powerful superconducting electromagnets
are used in magnetic levitation (maglev) trains, Magnetic Reso-
nance Imaging (MRI) and Nuclear Magnetic Resonance (NMR)
machines, magnetic confinement fusion reactors (e.g. tokamaks)
etc. The most common use of superconducting magnets is for MRI
scanners. Magnetic Resonance Imaging, a recent application of
Nuclear Magnetic Resonance (NMR), is primarily a medical
imaging technique most commonly used in radiology to visualize
detailed internal structure and limited function of the body. MRI
provides much greater contrast between the different soft tissues
of the body than computed tomography (CT) does, making it
especially useful in neurological (brain), musculo-skeletal, cardi-
ovascular, and oncological (cancer) imaging. Unlike CT, it uses no
ionizing radiation, but uses a powerful magnetic field to align the
nuclear magnetization of hydrogen atoms in water body-tissues.
Radio frequency (RF) fields are used to systematically alter the
alignment of this magnetization, causing the hydrogen nuclei to
produce a rotating magnetic field detectable by the scanner. This
signal can be manipulated by additional magnetic fields to build
up enough information to construct a detailed image of the body.
An interesting feature of these magnets is the way they are
powered. Once the magnet has been energized via an external
power supply, the magnet winding is short-circuited with a piece
of superconductor. The winding becomes a closed superconduct-
ing loop, the external power supply can be turned off, and
persistent currents will flow for months, preserving the magnetic
field. The advantage of this persistent mode is that stability of the
magnetic field is better than what is achievable with the best
power supplies, and no energy is needed to power the windings.
The short circuit is made by a ’persistent switch’, a piece of
superconductor inside the magnet connected across the winding
ends, attached to a small heater. In normal mode, the switch wire
is heated above its transition temperature, so it is resistive. Since
the winding itself has no resistance, no current flows through the
switch wire. To go to persistent mode, the current is adjusted
until the desired magnetic field is obtained, then the heater is
turned off. The persistent switch cools to its superconducting
temperature, short circuiting the windings. The current and the
magnetic field will not actually persist forever, but will decay
slowly according to a normal L/R time constant:

I¼ I0e�ðR=LÞt

where R is a small residual resistance in the superconducting
windings due to joints or a phenomenon called flux motion
resistance. Nearly all commercial superconducting magnets for
MRI scanners are equipped with persistent switches.

Magnetic confinement superconducting magnets are com-
monly used in experimental nuclear fusion reactors to confine
the plasma and avoid any contact with the reactor vessel inner
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wall. The main difference between these kind of magnets and HEP
ones is the fact that they are often operated in a semi-DC state, i.e.
they are ramped up and down about every seconds and this
makes their design much more complex than a DC-operated
magnet. Anyhow the basis of the development of nuclear fusion
reactor magnets come undoubtedly from the long work done
and the tens of magnets constructed and operated in the HEP
laboratories worldwide.
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Alain Hervé, from CERN, in discussing arguments on the design of
magnets for HEP detectors and Pasquale Fabbricatore, from INFN
Genova, in reading the whole article before publication.
Further reading

[1] M. Wilson, Superconducting Magnets, Oxford Sciences Pub., 1987.
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